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ABSTRACT

In considering the problem of formation control in the
deployment of intelligent munitions, it would be
highly desirable, both from a mission and a cost
perspective, to limit the information that is
transmitted between vehicles in formation. However,
the lack of information regarding the state of motion
of neighboring vehicles can lead to degraded
performance and even instability. This paper presents
an adaptive output feedback approach for addressing
this problem. We design adaptive formation
controllers that allow each vehicle in formation to
maintain separation and relative orientation with
respect to neighboring vehicles, while avoiding
obstacles. The method works by enabling each
vehicle in the formation to adaptively correct for the
effect that the motions of neighboring vehicles have
when regulating relative variables like range and line
of sight. It is assumed that estimates of these
variables can be derived using passive, vision-based
sensors. The need for explicit communication to
maintain formation is minimized and the resulting
controller solution is decentralized. We implement a
reactive obstacle avoidance controller to navigate in
an environment with obstacles. The formation
controller and obstacle avoidance controller are
outer-loop controllers whose outputs are speed and
heading commands. These commands are blended
together to generate composite speed and heading
commands that are inputs to the inner-loop controller.
The weights used for blending the commands depend
upon the priority of the task at hand. We illustrate the
method with an example involving a team of three
aircraft keeping formation in the presence of
obstacles.

INTRODUCTION

As demonstrated in recent conflicts, unmanned aeria
vehicles (UAVS) are becoming an important
component of our military force structure. UAVS,
operating in close proximity to enemy forces, provide
real-time information difficult to obtain from other
sources, without risk to human pilots. Technology
demonstration programs such as UCAV illustrate the
trend toward development of UAVs that will
dominate enemy airspace through maintenance of a
continuous presence over the battlefield. Among the
weapons employed by these UAVs will be flocks of
cooperative miniature or micro autonomous vehicles
(MAVSs) operating in close proximity to terrain or
structures that will gather information on enemy
movements and, under human supervision, seek out,
identify, and attack targets of opportunity. of
course, reduction in size must be traded against a
concomitant reduction in loiter time due to reduced
fuel or battery capacity. In addition to advancements
in propulsion technologies, concepts for exploitation
of unsteady aerodynamics to reduce drag are being
explored. In large groups of MAV's or small UAVSs,
even small percentage reductions in drag will offer
significant increased payoffs in the ability to maintain
persistent coverage of a large area.  One concept,
well known to bicyclists, race car drivers, and pilots
and exploited by swimming and flying animals, is the
benefit of operating in the wake of another vehicle (or
organism). Therefore maintaining a formation while
at the same time executing searches in a congested
environment will be a primary requirement. Stealth
like operations will aso be important, implying the
need to maintain autonomy and to minimize
communication. Maintaining a formation is aso
important from this perspective so that passive (vision
based) sensing can be used to ascertain the locations
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and behaviors of cooperating MAVSUAVS. Various
approaches to close-coupled formation flight control
for drag reduction include PID control,® linear
quadratic regulator (LQR) based decentralized
control? and an adaptive approach®. In this paper, we
do not focus on the aerodynamic interaction effects of
formation flight. Instead we focus on the coupling of
the aircraft kinematics due to their measurement and
control strategies. * We consider formation control
within the context of coordinated group motion.

Although imperfectly understood, flocking behavior
of birds, schooling behavior of fish, and even studies
of swarming insects have provided inspiration for
concepts of coordinated multi-vehicle operation. °
Existing works on coordinated group motion include
a distributed behavioral approach to synthesizing the
flocking motion of boids® (bird and fish-like objects).
This approach assumes a flock is the result of the
interaction between the behaviors of individual boids
(used here to refer to individual autonomous agents
operating in a coordinated manner). It was similarly
shown in Ref. 7 that coordinated multi-robot motion
could be constructed by using a small basis set of
behaviors. A control-theoretic approach to formation
control is given in Ref. 8. The control laws are
derived from input-output feedback linearization
theory. ° The control laws allow each follower vehicle
in the formation to regulate range and relative
orientation with respect to one leader vehicle, or
range with respect to two leader vehicles, or range
with respect to a leader vehicle while maintaining
safe distance from obstacles. Switching between the
control laws leads to changes in formation shape.
Related work on formation control includes
assignment of feasible formations' and moving into
formation.

Most of the approaches for formation control assume
that a leader (neighbor) vehicle's state of motion is
known at least partialy to the follower (other
neighboring) vehicles. Ref. 3 assumes the leader
vehicle's inertial positions are available to the
follower vehicles. Ref. 8 assumes that the leader
vehicle's velocities and the relative orientations with
respect to the follower vehicles are known to the
follower vehicles, either by communication or by
estimation. Our approach treats these quantities as
modeling uncertainties, whose effect on output
regulation is to be canceled by the output of an online
adaptive neural network (NN). As a result, each
vehicle can regulate both the range and relative
orientation to a leader and/or neighboring vehicle
without knowing the state and control policy of that

2

vehicle. The controller solution for each vehicle is
completely decentralized. It is assumed that each
vehicle can measure its own speed, heading, line-of-
sight (LOS) range and angle to other vehicles. Vision-
based sensors have been successfully implemented on
ground robots for autonomous navigation.® *? Recent
work has also been done on implementing vision-
based navigation for unmanned aerial vehicles. 2

The controller architecture in our approach is based
on dynamic model inversion. Each vehicle in
formation makes an assumption that the neighboring
vehicles are stationary. This assumption leads to
inversion errors that are approximated online by a
NN. The theory is based on an error observer
approach to adaptive output feedback control of
uncertain, MIMO systems. '* This approach is
adaptive to both parametric uncertainty and
unmodeled dynamics. The need for this approach
stems from the fact that, while the relative degree of
the regulated LOS variables is known, the degree of
the plant dynamics is unknown. Thisis due to the fact
that we seek a decentralized solution, and ignore the
fact that the vehicle dynamics are coupled through the
regulated LOS variables. It is also due to the fact that
we are ignoring the speed and heading dynamics, and
employing these variables as control variables.

The method of Pseudo-Control Hedging (PCH) ***®is
used to protect the adaptive process from actuator
limits. It is also used to protect the adaptive process
during periods when it is not in complete control of
the vehicle. This can occur when priority is
temporarily given to obstacle avoidance, and when
L OS separations from more than one aircraft are to be
simultaneously controlled.

There are numerous approaches to static obstacle
avoidance. A popular approach is the Artificial
Potential Field Approach. *” Other approachesinclude
Motion Planning® and ‘Steer Towards Silhouette
Edge’. *° In this paper we describe and implement the
last approach, because this approach is most suitable
for application with vision-based sensors.

The organization of the paper is as follows. The next
section summarizes the theory for the error observer
approach and states the problem formulation for
decentralized formation control. Next, we develop the
individual vehicle model and the relative kinematics
between two vehiclesin aformation. The next section
describes the inverting control design for formation
control. Following this, we describe the static
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obstacle avoidance controller. The control strategy
obtained by combining the outputs of the two
controllers through a blending mechanism enables the
vehicles to navigate as a group in an environment
with obstacles. We then present and discuss
simulation results that illustrate our approach.

ADAPTIVE OUTPUT FEEDBACK APPROACH

Consider the observable nonlinear system described
by

1)

where xO0Q O O" are the states of the system,
u,ydO™ are the controls and regulated output
variables respectively, and f(EJ])] g([)] are uncertain
functions. Moreover n need not be known.

Assumption 1 The system in (1) satisfies the
condition for output feedback linearizability with
vector  relative  degree  [r.r,,....r. ],
r=r+r,+..r,<n.®

Then there exists a mapping that transforms the
system into the so-called normal form:

x=1(&x)

e

5 )
& =h (& xu)

{il =V, i :1,2,...,m|

where h(&, y,u)=h(xu), where fz[{f...ﬂ]T,
I3 :[{il...{i” ]T and y arethe states associated with

i+l

the internal dynamics. Note that '™ is simply the

j™ time derivative of y, .

Assumption 2 The zero dynamics are asymptotically
stable.

The objective is to design an output feedback control
law that causes y;(t) to track a smooth bounded

reference trgjectory y, (t) with bounded tracking
error.

3

Controller Design and Tracking Error Dynamics

Feedback linearization is achieved by introducing the
following inverse

u=h(y.v) (3)
where
v =h(y,u) 4)

is the pseudo-control signal. The pseudo-control
signal ﬁ(y,u)=[ﬁl(y,u),...,ﬁn(y,u)]T represents an
invertible approximation to
h(x,u)=[h(xu).....h,(xu)]" in (2), which is
limited to using only the available measurements and
control signal. If outputs other than the regulated

output are available for feedback, they may also be
used in (3) to form the approximate inverse.

Thus the system dynamics, as far as the regulated
output variable is concerned, is given by,

y'=v+A (5)
where

8 x) =hle ) -hly ) @

istheinversion error that results from the use of (3) in
place of an exact state feedback inverse. The pseudo-
control is chosen to have the form

V= yé + Vdc - l/ad (7)

where y. are generated by stable reference models
that define the desired closed-loop behavior, v, is

the output of a dynamic compensator designed to
stabilize the linearized error dynamics, and v,, isthe

adaptive component.

From (5) and (7), the error dynamics are given as,

’y‘r = yé - yr = Vg TV _A(X' V) (8)
From (6) and (7) it isseenthat A dependson v,

through v, and (8) showsthat v,, hasto be designed
to cancel A. Therefore the following assumption is
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introduced to guarantee existence and uniqueness of a
solution for v, .

Assumption 3 The map v,, — A is a contraction

over the entire input domain of interest. It can be
shown that this assumption leads to the following
conditions™

S (an) . _
|)sgn(auJ sgn(au.],l 12,...,m.

oh |
ou

iy 9] > L

ﬂ >0,i=12,...,m.
Jdu

The first condition requires that the sign of the
control effectiveness is modeled correctly and the
second places a lower bound on the estimate of the
control effectiveness.

Error Observer

It can be shown that the error dynamicsin (8) can be
written as

E=AE+B[v, -4 9)

where the elements of E are made up of y, and its
derivatives up to order (ri —1) and the dynamic

compensator states. An error observer is designed
based on this equation', which results in error

estimates E that are used in the adaptive update law
given below.

Approximation of the Inversion Error

The inversion error A can be approximated to any
desired degree of accuracy by using a Single Hidden
Layer Neural Network (SHL NN) with sufficient
number of hidden layer neurons, and having the
following input vector, %%

x(t)= 77 (t) v ) (10)
where

vl (t)=[v(t)vit-d)....v(t-(n, -2)d)]",
va (t)=[y(t). y(t=d)...., y(t - (n, ~2)a)]"

4

with n,=n. Since n is unknown, a sufficient
number of delayed signals are required.

The input-output map of a SHL NN is given by
Ve =W oV (11)

where o isthe so-caled squashing function. The NN
istrained online with the adaptive law

W = -1, [2lo{v %)~ o' (VXN TR)ET P + kW

. RS (12)
V =T, |2XETPBW o' [V TR) + kv

where o (z) = diag((jjﬂ) P is the positive definite
Z;
solution to the Lyapunov equation
ATP+PA+Q=0, with Q>0, and I, and I, are
the adaptation gains. It has been shown that the
adaptive law in eq. (12) guarantees (subject to upper
and lower bounds on the adaptation gains) that all
error signals and the NN weights are uniformly
ultimately bounded. **

Pseudo-Control Hedging (PCH)

PCH is introduced to protect the adaptive law from
effects due to actuator limits (such as rate and
position limits), time delays and unmodeled actuator
dynamics. ' The main idea behind PCH
methodology is to modify the reference command,
Y., in order to prevent the adaptive element from

adapting to these actuator characteristics. This is
commonly done by generating the command using a
reference model for the desired response. The
reference model is ‘hedged’ by an amount equal to
the difference between the commanded and an
estimate for the achieved pseudo-control. To compute
this difference, a measurement or estimate of the
actuator position ( is required. The pseudo-control
hedge signal is given by,

Vi :ﬁi(y,umi)—ﬁi(y,ﬁi), i=12,...,m. (13)

The PCH signal is then introduced as an additional
input to the reference model. If the reference model
update without PCH is of the form,

y(?, = hrn‘i (yci 'Yq L yg_l’ ycmdi )’
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where Y, isthe external command signal, then the
reference model update with PCH is set to

y(?, = rmy (yci 'Yq LR yg_l’ ycmdi )_ Vhi . (14)

The instantaneous output of the reference model used
to construct the pseudo-control signal remains
unchanged and is given by

Vi =M (Ve Voo V™ Ve ) (15)

The block diagram of the MRAC controller
architecture with PCH and error observer is given
below.

Training Signal

Figure 1. MRAC architecture with PCH

Formation Control Formulation

Consider a group of N vehicles whose individual
dynamics are given by,

% =f(x,u),i=12...,N (16)

where x; represents the states and u; the control
vector of the i vehicle. Assume that vehicles i and
j cooperate by regulating ajoint variable (e.g., LOS
range)

z= g(xi ,xj) an

whose relative degree (r) is known, so that,

5

z) = gr(x. X; U, ,uj) (18)

17,

To arive at a decentralized control solution, the

following approximation is employed by the i
vehicle

Zi(r) =g, (Z' X, U; ) =V (19

Equation (19) forms the basis for an inverting control
design in which the inversion error is

A, :gr(xiixj,ui’uj)_gri (Z'Xi'ui) (20)

Vehicle i's inverting solution is augmented with a
NN that estimates and approximately cancels A, . The
input vector to the NN for the i™ vehicle is given by
K, =[xi U, Zy (t)]T, where Z, (t) is a vector of
sufficiently large number of delayed values of
z(t) %%, So, the decentralized control solution of all

cooperating aircraft is given by u;, = @,‘il(vi,z, xi),
where v, isconstructed asin eguation (7).

APPLICATION TO FORMATION CONTROL

We apply the approach described in the previous
section to construct an adaptive formation controller.
But first we discuss some modeling issues. The
formation of vehicles is constrained to lie in a two-
dimensional plane. The vehicles are considered to be
point-mass objects that can accelerate both along and
perpendicular to the direction of motion. In the
following section, the equations of motion for asingle
vehicle are devel oped.

Vehicle Dynamics

Consider the equations of motion of an aircraft in the
horizontal plane.

American Institute of Aeronautics and Astronautics
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Figure 2. Banked Horizontal Turn

With reference to figure 2, the equations of motion
are given by,

mVy =Lsng (21)
mv =T-D (22)
mg = L cos¢ (23)

where ¢,V represent the heading and speed of the

aircraft with respect to an inertial frame that will be
specified later, m,¢ represent the mass and bank

angle, L,T,D represent the lift, thrust and drag
forces on the aircraft and g is the acceleration due to
gravity.

Eliminating ¢ from egs. (21) and (23),

n®-1 (24)

T-b
w

where n =(%j is the load-factor of the aircraft.

[/j:

<|a

V= (25)

(o]

VD

Equations (24) and (25) can be non-dimensionalized
by letting t =t(\%J and V' =V(V,) represent non-

dimensional time and speed, where V, and R, are

constant quantities with units of speed and distance
respectively. A way to choose V, and R, would beto

set V7 = gR, . Furthermore, weset V, = R .
=V, =R, =g.Thisimplies,

dy _a 26

t VvV (26)

v __ (D

o (Wj @7)
6

where a, =4Yn*-1 and a, :(%j represent the

non-dimensionalized controls. The drag D is given by
:%pS\/ZCD. The drag coefficient C, is given

by
Cp =Cp, +4C! (28)

where C,_is the profile drag coefficient, assumed to

be constant, C, is the lift coefficient and «C}=
induced drag.

Equation (28) can be modified to replace the lift
coefficient with the load factor as follows:

2

n:L:—pS/ CL :)CLzzn\Nz_

w 2W oSV

D _[PCo Vs ), 2 (26w ) n?
= —=| — + —

w 2w PNVZ V2
D_, ., a’+1
W_klv2+|<2( V7 J (29)

where a =4n’-1, k, ae non-dimensional

constants and V' is the non-dimensionalized velocity.
So the non-dimensional velocity equation is given by
substituting for (29) in (27):

' 2
v —klv'z—kz(a\i/f’l] (30)

dt’ 2

Limits on Controls

Since the controls used in our formulation are
physical quantities, we need to impose realistic
bounds on their values. From (21), (23) and (24), we
can write

[/j:gtanqp:g1/n2 -1
Y, Y,
=tang=+n°-1=a,.
If we set the maximum bank angle ¢, =60°, we

have n_, =2. At low speeds, the maximum load
factor is limited by the stall-limit. ?* At |ow-speeds,
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n _Lmax :p\/zgjl_max
W 2V

(31)

The minimum vaue of n,, is set to 1 and

corresponds to straight, level flight when the lift force
equals the weight. The limits for control a, are given

below,

a = min(tan Grn 1N Mo —1)

2

(32)
. = max(—tan Drex = Ny —1)

The minimum value of n_, is associated with a
minimum speed given by

2w

Vminl = p$|_max

(33)

At this speed, no turning is possible. A similar
method can be used to determine the boundson a, . It

is assumed that the maximum and minimum values of
a, do not vary with speed and are equal to +0.2.

Note that drag equals the maximum value of a, at
two speeds. The lower of these speedsissetto V., -
A dynamic lower limit is imposed on a, to prevent

the speed from going below a minimum value given
by

Vmin = rnaX(Vminl’vmin 2) (34)

The dynamic lower limit equals the drag force at
speeds marginally greater than V., and switches to

equal —0.2 at higher speeds.

We model the actuator system as a saturation element
with limits described above

U = Sat (U ) (35)

Relative Kinematics

The kinematics of the i"" aircraft in non-dimensional
form are given by

X, =V, cosy, (36)
yi =V, siny, (37)
R, =V, cos(wj —/1”.)—\/i cos(<,1/i —/1”.) (38)

7

_V sin(z//j —/\ij)—Vi sinfy, _/‘ij)
ij —
R

(39)

where (x,Y;) represent the Cartesian position
coordinates of each aircraft with respect to the inertial
frame as shown in figure (3). Equations (38) and (39)
congtitute the relevant kinematical equations for
formation flight.

Figure 3. Relative Kinematics

The information available to aircraft i include: V,,¢,
(by use of an inertidl measuring unit IMU), R;,A;
(through vision-based sensors) and the control signals
&1, 85

Inverting Formation Control Design

We design an inverting controller augmented with a
NN for aircraft i for regulating the LOS range R;
with respect to aircraft j . The controller architecture
is as shown in figure 1. The relative degree of R;
with respect to the speed and heading of aircrafti is 1.
Hence the range command R, is filtered through a

first order reference model. Figure 4 shows the
hedged reference model. A rate limit is introduced so
that the reference model does not command large
range rates when the range error is large. The
parameter p is the time constant and is a design

parameter.

rrrrr

Hedge signal

Figure 4. Hedged Reference Model
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The dynamic compensator portion of the pseudo-
control is aproportional error controller,
Ve =K, (RC -R; ) The pseudo-control signal is

&J’ = Rc +kp(Rc _Rij)_vad

Equation (38) shows that the LOS range dynamics
depends upon the speed and heading of both the
vehicles. We assume that aircraft i does not know or
have access to the state and control policy of aircraft
j- So, the approximate model used by aircraft i for
dynamic inversion is given by

RJ Ve COS(‘// FG T i') (40)

Equation (40) saysthat aircraft i assumesaircraft |

is stationary. An alternate way of assuming an
approximate model for aircraft i would be to assume
that aircraft j hasthe same component of speed

along and perpendicular to the LOS as aircraft i .

Equation (40) isto be inverted (solved) for the
appropriate speed and heading command signals
(VFCi We ) . Thisis done as follows. We assume that
each vehicle has a body-fixed frame attached to its
center of mass. The x-axis of this body frameis
always oriented along the direction of the velocity

vector. Notethat — R, represents the commanded

velocity vector for aircraft i oriented along the LOS
fromaircraft i to aircraft j . Figure5 givesa

visualization of the key variables from the perspective
of aircrafti.

i =M

Figure 5. Pseudo-control Vector in Body-Fixed
Frame

We write the pseudo-control vector as the sum of its
current velocity vector and a perturbation velocity
vector. We represent vectors with boldfaced symboals.

8

- R V + Achdu FCi (41)

Here, V. representsthe velocity vector command
for formation control. In case, aircraft 1 isregulating
LOS range with respect to multiple (N >1) aircraft,
equation (41) is modified as follows

N
- W; Ry =V (42)
i

j=Lj#

>

Equation (42) shows that the commanded velocity
vector is aweighted average of the pseudo-control
vectors associated with multiple neighboring aircraft.
Theweights w; arechosensuchthat 0<w; <1,

Z =1. A smple case results when w; =%.

1 3
= Veg = N zRij (43)

Equation (43) impliesthat aircraft i triesto meet the
L OS range requirement equally with respect to all the
neighboring aircraft. Speed and heading commands
are generated from equation (43) as follows:

Vi COSOr = —% z R; cosg,
j=Lj#i
1 2

Veg SNBe = —— ZRU siné?”
N j=1,j#i

where 6; = A; —¢, . The above equations are solved
for (Vee Wea )

Veg =+ [ZR, cosé?] +Liéjsin0”] (44)

and Yeo =W; + 6k (45)
ZRJ sng;

where G, = tan™| 5%
ZRJ cosy;
=1, j#i
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Hedge Sgnals

For the case with adaptation, the reference model for
the formation controller in each vehicle is hedged
whenever the commanded pseudo-control is not equal
to the achieved pseudo-control. The hedge signals for
aircraft i are given by

Vi = &1 -V, COS(‘//i _/]ij) (46)

Notethat v,; # 0 in three cases.

i) the actuators of aircraft i are saturated,

ii) aircraft iis controlling separation simultaneously
from multiple (N >1) neighboring aircraft and the

commanded vel ocity vector is given by equation (43).
iii) Priority is temporarily given to obstacle
avoidance. In this case, c, # 0 (see the next section)
and the commanded velocity vector is given by
equation (47).

Static Obstacle Avoidance Controller

The controller design strategy for static obstacle
avoidance is based on areactive ‘ steer towards
silhouette edge’ approach. *° The ideaiis to project the
shape of nearby obstacles onto the local, body-fixed
frame of the vehicle. If this projected shape, adjusted
(enlarged) to allow for the size of the vehicle and the
required ‘clearance’ distance, surrounds the origin of
the vehicle' s body-fixed frame, then some portion of
the obstacle is dead ahead (see figure 6). The vehicle
must steer away to avoid a collision, and the most
efficient direction to turn istoward that portion of the
projected shape that is closest to the origin.

To illustrate the concept, it is assumed that the
obstacles are contained within bounding spheres
(circlesin 2 dimensions), and that the centers
(XO,YO) and redii (r) of the obstacles are known.
The goal of this strategy isto keep an imaginary line
L, of length D, , originating at the vehicle's current
position and extending in the direction of the velocity
vector, from intersecting with any obstacle boundary.®
The length of thislineistypically based upon the
vehicle's speed and maneuverability. An obstacle
further away than thislength D, isnot an immediate
threat. The obstacle avoidance behavior considers
each obstacle in turn and determines if they intersect
with L, . Thisintersection calculation is done by

checking if (seefigure 6)

9

i) son(§,) # san(3,)
i) y,=0or y,=0.

Vi

Xpi

B2

Figure 6. Obstacle Avoidance

If either of the above two conditionsistrue, then
there happens to be a line-obstacle intersection. The
obstacle which intersects L, nearest the aircraft is

selected as the “most threatening” and corrective
steering action is undertaken to avoid this obstacle. If
no obstacle collision isimminent, no steering action
istaken.

Notethat ¥, and y, arethe extremities of the
projected edge of the obstacle in the vehicle’ s body-
frame and are givenby y,, = \?0 *r, where

YAo = _(Xo X )Sim//i + (Yo Y )COS‘//i ,

isthe y-coordinate of the center of the obstacle as
seen in aircraft i s body-frame.

Corrective steering action to avoid an obstacle
involves a speed and heading change command. The
heading change command Ay, istowards the

closest projected edge of the obstacle as shown in
figure 6. The speed change command is given by

AV, = & , where

obs
d e =\/(XO -x )" +(Y, -y,)? -r isthedistance of
the aircraft from the obstacleand k, >0 isa

congtant. The speed command for obstacle avoidance
isgivenby Vg, =V +AV,,.

Composite Speed and Heading Commands

Maintaining a desired formation in the presence of
obstacles may not be feasible. However, it is not
desirable that each vehicle abandon the group by
taking corrective action upon detecting an imminent
collision. By blending the commands coming from
the obstacle avoidance controller and the formation
controller, a compromise between two possibly
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conflicting commands can be achieved. The weights
used for blending must be chosen carefully in order to
guarantee safe and coordinated group motion.

The composite velocity vector command is given by

Vona = & Vou + (1_Cl) Veg (47)

which in turn implies the following speed and
heading commands

Vera = \/Vfcmdi +VY2cmdi

. (48)
Yo =4 + tan_l(vmdl J
Xemdi
where
Viema = (C1V0Ai COSAYou + (1_ Cl)\/FCi COSHr ) (49)

Viemdi = (C1V0Ai SNAYe, + (1 -G )\/FCi NG )

Theweight ¢, ischosen to reflect the fact that

obstacle avoidance has higher priority than the need
for formation keeping. *

If d, <3D,

— dobs_Do
R

else (50)
cl=0
end

D, isascaling factor. Notethat 0<c, <1.

Inner-Loop Controller

Theinner-loop controller generates actuator
commands to achieve the speed and heading
commands.

k.
8izema = Ky (chdi -V )+ A% +V+§(aizl +1)

Qizema = sz( ——/ )\/i

(51)

Note that the actuators are subjected to alimit as
defined eg. (35), and the discussion that precedesiit.

SIMULATIONS
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We consider ateam of 3 aircraft flying in formation
in a2 dimensional environment with obstacles.
Aircraft 1 isthe team leader. It setsthe trajectory for
the formation by commanding a sequence of heading
changes at specified time intervals while commanding
constant speed. In addition, it also cooperates with
the follower aircraft 2 and 3 in regulating desired

L OS separation from them. The vel ocity vector
command for the leader aircraft is given by,

Vemar = CiVoar €, (1_ Cl)‘/l_l + (1_ C, (1_ C, ))‘/Fm

where V|, refersto the to the leader portion of the
total aircraft 1 command. We set ¢, =0.7. Each

follower aircraft regulates LOS separation from the
leader and from each other. The LOS separations are
the jointly regulated variables since the aircraft
mutually regulate them to specified values. In
addition, the 3 aircraft are also commanded to avoid
obstacles during their motion. We present results for
cases with adaptation (NN on) and without adaptation
(NN off). Hedging is on (H on) only for NN on.

Figure 7 shows the trajectory plot of the maneuver
with NN off. The trgjectory is marked every 2.5
seconds. Aircraft 1 startsat (0,0), aircraft 2 at (5, -8)
and aircraft 3 at (-5, -8). Thefilled circles represent
the obstacles. Figure 8 shows the tragjectory plot of the
maneuver with NN on. Note that with NN on, aircraft
3 does not go around an obstacle in the first few
seconds of the maneuver. Thisillustrates that
adaptation helps the aircraft to make a better choice
between formation keeping and obstacle avoidance.
Also, note the size of the box that the aircraft fly in
figure 8 as compared to figure 7. It is clear that
cooperative formation flight is enhanced with NN on.

In figures 9-12 we show results pertaining to aircraft
2. The results for the other aircraft are similar. Figure
9 shows the reference signal tracking with both NN
off and NN on. Note that there is significant hedging
of the reference command with NN on, and that the
tracking is significantly improved in comparison to
the NN off result.

Figure 10 shows the control histories for aircraft 2.
The controls are frequently saturated during the
maneuver. Figure 11 shows the time histories of
weight ¢, for aircraft 2. The plot showsthat in the

first 15 seconds, when the aircraft is near an obstacle,
it spends much less time avoiding obstacles with NN
on. Figure 12 compares the inversion error with the
NN output of aircraft 2.
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Figure 10. Control Histories (Aircraft 2)

Figure 7. Trajectory (NN off)

Figure 8. Trajectory (NN on)

Figure 11. c, History (Aircraft 2)

— Rd. Sgn
R, (NEN”E‘ﬂ)

Ref. S
0

- H

Figure 9. Reference Signal Tracking (Aircraft 2)

Figure 12. Inversion Error Approximation (Aircraft

2)
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CONCLUSIONS

We have formulated a decentralized adaptive
guidance strategy that enables safe and coordinated
motion of a group of unmanned vehiclesin an
environment with known obstacles. The strategy
blends the outputs of multiple adaptive controllers
with areactive obstacle avoidance controller. There
are two key aspects essential to the adaptation
process. First, an output feedback formulationis
employed that is robust to unmodeled dynamics.
Second, pseudo-control hedging is needed to account
for actuator saturation, obstacle avoidance and the
fact that separations from multiple aircraft cannot be
simultaneoudly controlled. The adaptive controller in
each vehicle utilizesloca information and LOS
measurements obtained with vision-based sensors.
This enables each vehicle to correct for the unknown
relative motion of neighboring vehicles. The
decentralized nature of the controller permits scaling
to any number of vehiclesin aformation.
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